abstract BACKGROUND AND OBJECTIVE: High-flow therapy is the most recent, and popular, mode of respiratory support in neonates. However, the evidence supporting its efficacy and safety has not yet been established. We conducted a systematic review and meta-analysis of clinical trials comparing efficacy and safety of high-flow therapy compared with other modes of noninvasive ventilation (NIV) in preterm infants.
Respiratory failure, requiring invasive support with mechanical ventilation (MV) or noninvasive support with nasal modes of ventilation, remains the most common morbidity of preterm infants after birth. 1 Recent studies suggest increased rates of survival of extreme preterm infants, 1,2 with greater numbers needing respiratory support. Traditionally, this support has been in the form of invasive (through an endo-tracheal tube) MV. More recently, randomized controlled clinical trials have established the benefits of primary noninvasive ventilation (NIV) support, especially for nasal continuous positive airway pressure (nCPAP) 3, 4 when compared with MV. 5 After extubation from MV, nCPAP is already established as an effective mode of support. 6 Other modes of NIV in preterm infants include bilevel nCPAP (BiPAP)/noninvasive positive pressure ventilation (NIPPV) and heated humidified high-flow nasal cannula (HHHFNC) therapy. The use of BiPAP/NIPPV as a primary mode of respiratory support seems to be equally efficacious, 7 and clinically superior after extubation from MV, 8 when compared with nCPAP.
The most recent mode of respiratory support to be introduced for newborn infants, HHHFNC, however, has quickly gained popularity among clinicians worldwide, [9] [10] [11] [12] [13] although evidence supporting its use is not fully established. [14] [15] [16] Several clinical trials over the last decade have collected evidence of the use of HHHFNC in preterm infants, both as a primary mode of support at birth and after extubation from MV. We conducted a systematic review and metaanalysis to collect all published information, to be able to guide clinical practice.
METHODS

Objectives
Our objective was to assess the efficacy and safety of HHHFNC as respiratory support for preterm infants (,37 weeks' gestational age [GA] at birth), when compared with other modes of NIV including nCPAP, and NIPPV or BiPAP.
Inclusion Criteria
We included prospective, randomized or quasi randomized controlled trials involving preterm infants born at ,37 weeks' GA. Trials involving mixed groups of infants (both preterm and term) were included if separate data for preterm infants were available (reported in the text, extracted from the data, or obtained from authors). No trials were excluded based on diagnosis of disease condition in the infants. Subgroups analyses were planned prospectively for ,32 weeks' GA (#1500 g birth weight [BW] ) and ,28 weeks' GA (#1000 g BW), if stratified data were available. For studies using BW as inclusion criteria, 1000 g was used as a surrogate for 28 weeks, 1500 g for 32 weeks, and 2000 g for 36 weeks. Trials were included if participating infants intended to be managed on noninvasive respiratory support, and randomly assigned to HHHFNC or any other form of noninvasive respiratory support within 24 hours of birth, after extubation from MV or while weaning from noninvasive respiratory support. At least 1 or more of the relevant review outcomes (see below) should have been reported in the results to consider inclusion.
Search Strategy
We developed a search strategy by using keywords and 17 Grades of IVH were as classified by Papile et al. 18 Classification of NEC was as by Bell et al 19 and modified by Walsh et al. 20 For the purposes of this review, HHHFNC was defined as heated humidified flows in excess of 2 L/min (low flows are defined as ,2 L/min). However, most recent articles have used flow rates from 5 to 8 L/min.
Data Collection
Data were collected on characteristics of studies and planned outcomes, using a standardized data collection form (Supplemental Table 5 ) by at least 2 authors independently, and then cross-checked for accuracy. Attempts were made to clarify methods and request gestation-stratified data from corresponding authors in articles, where both preterm and term infants were included. These are mentioned in the relevant tables in the Results section.
Statistical Analysis
Measurement of Treatment Effect
Statistical analysis was conducted by using Review Manager (RevMan) version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, 2014, Copenhagen, Denmark). For continuous data, the mean and SD (such as duration of respiratory support) were collected and analyzed by using weighted mean differences (WMDs). For categorical data (such as death or treatment failure), data were extracted for each intervention group and odds ratios (ORs) were calculated, along with 95% confidence intervals (CIs). Significance was set at P , .05.
One study 21 revealed outcomes as medians and interquartile ranges. Means and SDs were calculated from this data by using methods published previously. 22,23 For 1 study, 24 some data were read from published figures. Whenever this data were used for pooled estimates of outcome in the meta-analysis, a sensitivity assessment was undertaken to test for differences in estimates.
Assessment of Bias in Included Studies
All studies included in final analysis were assessed for risk of bias by using a domain-based flow-sheet (as used by the Cochrane Collaboration). Specific domains examined included selection bias, performance bias, detection bias, attrition bias (low risk: adequate if ,10% missing data; high risk: inadequate if .10% missing data), reporting bias, and any other form of bias specific to the design of the study. For each domain, risk of bias was categorized as low risk, high risk, or unknown/unclear risk (if inadequate details were reported in the methods). For each domain, a judgment was made on likely magnitude and direction of the bias, and its likely impact on the outcomes. Disagreements were resolved by consensus. A judgment was made on the overall risk of bias on the basis of the above domains.
Assessment of Heterogeneity
Heterogeneity was quantified by using Inaccuracy2 (I 2 ) statistic (http://handbook.cochrane.org/) and stratified as insignificant (I 2 #49%) or significant (I 2 .50%). In the presence of .50% heterogeneity, a sensitivity analysis was conducted to explain the source of heterogeneity. To calculate pooled estimate of effect size, a fixed-effect model was used if insignificant heterogeneity was detected, and a random-effect model was used if significant heterogeneity was detected.
RESULTS
Selection of Studies
Search results and filtering at different stages is represented in Fig 1. Full details of search terms, with the search sequence, is presented in the Supplemental Information section.
Description of Studies
Eighteen studies published as fulltext articles 21,24-40 and 8 studies published as abstracts [41] [42] [43] [44] [45] [46] [47] [48] were initially considered for the review. Of the studies published as full-text articles, 2 used nonheated high-flow therapy, 25,36 7 were randomizedsequence cross-over studies, 28,30,31,35-37,39 2 compared different modes of high-flow therapy, 32,39 and 1 expressed data for nasal trauma as scores. 26 Of the studies published as abstracts, 2 were randomized-sequence cross-over trials, 41, 47 2 had no raw data suitable for pooling, 42,48 1 compared HHHFNC
FIGURE 1
Flow diagram describing stages of search results and filtering process, as per Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
with MV, 46 and 1 study included term and preterm infants, without separate data for preterm infants. 43 These 17 studies were excluded because we were unable to extract relevant data for our analysis (Supplemental Table 8 ). Thus, 7 studies published as full-text articles and 2 studies published as abstracts were included in the final review (Table 1 ).
All included studies compared HHHFNC with nCPAP, except 1 40 that compared infants on HHHFNC with those on NIPPV. All of the studies involved preterm infants who were ,37 weeks' gestation, but 2 studies only included infants born at ,32 weeks' gestation. 21, 27 One study included both term and preterm infants, but stratified data for the preterm infants were supplied by the authors. 38 Two studies compared HHHFNC with nCPAP both as a primary mode of respiratory support and as support after extubation from MV. 33, 38 Stratified data for preterm infants supported on HHHFNC as primary mode or after extubation were available from the authors for only 1 of the studies. 38 Thus, the final analysis included 6 studies where HHHFNC was compared with other forms of NIV as a primary mode of respiratory support 29, 33, 38, 40, 44, 45 and 3 studies where these 2 modalities were compared after extubation from MV. 21, 27, 33 One study compared the 2 modes while weaning from respiratory support. 24 One study was only published as an abstract in English, but as full-text article in Persian. 29 Google Translate was used for an automated translation from Persian to English (Google Inc, Mountain View, CA). Characteristics and clinical details of all included studies are presented in Table 1 .
Risk of Bias in Included Studies
Eight of the studies were randomized controlled trials, whereas 1 was a quasi-randomized trial. 33 There was variability of the risk of bias in the included studies (Fig 2) , with 6 studies with an overall low risk of bias, 21 ,24,27,38,40,45 2 studies with a high risk of bias because of unclear published methods, 29,33 and 1 had inadequate information in the abstract to make an informed judgment. 44 
Efficacy of HHHFNC
Efficacy of HHHFNC, compared with other forms of NIV, was assessed primarily by analyzing failure of therapy. Because HHHFNC has been used both as a primary mode of respiratory support as well as after extubation from MV in preterm infants, we conducted separate analyses to compare failure rates. Four studies, involving 321 preterm infants, 38, 40, 44, 45 compared efficacy of HHHFNC with other NIV when used as a primary mode of respiratory support. Pooled estimates of OR for failure of therapy for these studies was 1.02 (95% CI: 0.55 to 1.88; Fig 3A) , and 1.12 (0.51 to 2.50) when the study comparing HHHFNC and NIPPV 40 was excluded. One of the trials in the primary use group had an uncertain risk of bias 44 ; excluding this from the analysis gave a pooled estimate of failure of 0.85 (0.43 to 1.69). Three trials involving 661 preterm infants 21, 27 ,38 compared failure rates of HHHFNC with that of other NIV (all used nCPAP) when used as respiratory support after extubation. The pooled OR was 1.09 (0.58 to 2.02; Fig 3B) As planned in our protocol, we conducted analyses on gestational subgroups for failure rates of HHHFNC. All of the included studies in our review included infants born at ,32 weeks' GA. However, stratified data on infants born at ,32 weeks' GA was available from only 3 studies. 21, 27, 38 Two studies compared efficacy of HHHFNC with nCPAP after extubation from MV, 21, 27 whereas the third study used HHHFNC as primary support as well as after extubation from MV. 38 Pooling all data from these 3 studies, which involved 585 infants, gave an estimated OR of failure of HHHFNC 0. To assess time to failure of therapy, we compared failure rates at 3 and at 7 days after study entry. Two studies, involving 443 infants, 38, 44 reported failure of therapy of HHHFNC versus NIV (both nCPAP) #72 hours, with a pooled OR of 1.24 (0.66 to 2.32; Supplemental Fig 8A) . Four studies, involving a total of 814 infants, 21, 27, 38, 45 reported failure of therapy of HHHFNC versus NIV (all nCPAP) by 7 days after study entry, with an estimated pooled OR of 1.06 (0.75 to 1.50; Supplemental Fig 8B) .
In summary, although failure rates were slightly lower in the other NIV group compared with HHHFNC, it was not statistically significant, regardless of the timing of use of HHHFNC (primary support or after extubation) or the timing of assessment for failure of therapy (3 days or 7 days).
Safety of HHHFNC
Safety was assessed by comparing rates of deaths and pulmonary air leaks in the infants supported on HHHFNC and on other modes of NIV. There was no statistically significant difference in the rate of deaths in the group of preterm infants randomly assigned to receive HHHFNC compared with other NIV in the 5 studies revealing this outcome involving 922 infants (OR: 0.48 [0.18 to 1.24]; Fig 5) . 21, 24, 27, 38, 40 Similarly, no statistically significant difference between the groups was found in the incidence of any pulmonary air leaks, as reported by 6 trials involving 992 preterm infants, 21, 24, 27, 33, 38, 40 with an OR of 0.72 (0.28 to 1.83; Fig 6) .
Nasal Trauma
Injury of the nasal mucosa or external nares is often reported on preterm infants who are supported on nCPAP. 49, 50 Five studies involving 857 infants 21, 29, 33, 38, 40 revealed the incidence of nasal trauma in infants supported on HHHFNC compared with other forms of NIV. One more trial 26 revealed nasal trauma, but as scores rather than events, and could not be included in the analysis. Pooled OR for incidence of nasal trauma in preterm infants receiving HHHFNC was 0.13, which was significantly lower (P = .02) than infants supported on other forms of NIV (95% CI: 0.02 to 0.69; Fig 7) , although significant heterogeneity was detected between the trials. Excluding the 2 trials with a high risk of bias, OR for nasal trauma was still significantly lower in infants (total 717) supported on HHHFNC (0.33; 0.13 to 0.87, P = .02).
Secondary Outcomes
Other relevant outcomes of preterm infants were compared between the groups, as planned in our analysis ( Table 2 ). Odds of all secondary outcomes analyzed were comparable in the 2 groups of infants.
DISCUSSION
From our analysis, supporting preterm infants on HHHFNC was equivalent in efficacy as any other form of NIV (NIPPV or nCPAP). This efficacy was mainly observed in the moderate to late preterm infants ($28 weeks' gestation at birth), and after extubation from MV. HHHFNC had similar failure rates to the other modes when used both as a primary mode of respiratory support after birth, as well as support after extubation from MV, although the number of infants who were supported on HHHFNC at birth was limited. Efficacy was maintained over time, as assessed by failure of therapy at 3 days and at 7 days after trial entry. There were no statistically significant differences in the odds of death or air leaks in infants supported on HHHFNC compared
FIGURE 2
Risk of bias diagram for each study (represented on left y-axis) as assessed on specific domains (represented on upper x-axis). Green circles with "+" represent low risk of bias, red circles with "2" represent high risk of bias, and open circles represent unclear risk of bias.
with other modes of NIV. However, significantly fewer infants had nasal trauma as a complication when supported on HHHFNC compared with other forms of NIV.
We have assessed efficacy by comparing rates of failure of therapy of a particular mode of support. "Failure of therapy" was variably defined by different studies. Six of the studies included in our analysis had published objective criteria in the methods to define failure of therapy, which included a combination of clinical (observation
FIGURE 3
Pooled estimates of odds of failure of therapy of HHHFNC compared with other modes of NIV in preterm infants, when used as (A) primary mode of respiratory support, and (B) after extubation from MV.
FIGURE 4
Pooled estimate of odds of failure of therapy in preterm infants supported on HHHFNC compared with other modes of NIV (A) including all eligible studies, and (B) studies with a low risk of bias only.
of vitals, respiratory effort, apneas, oxygen requirement) and biochemical (blood gas characteristics) criteria. 21, 24, 27, 38, 40, 45 Although there were minor differences in the thresholds, the criteria published by these trials were largely similar (Supplemental Table 9 ). The 3 other studies did not publish objective criteria in their methods to define failure of therapy. 29,33,44 All 3 of these studies were deemed to have a high risk of performance and detection bias. However, on separate analysis, both including and excluding the studies with a high risk of bias, the pooled OR for failure of therapy remained very similar (results section "efficacy of therapy"). Nevertheless, it is important that future studies attempt to define "failure" more accurately and uniformly, for results to be easily comparable between different studies.
Studies with a low risk of bias (Fig 4B) defined failure of therapy by objective criteria. However, not all failures necessarily resulted in reintubation for MV, 26, 27 suggesting that "failure of 1 mode of NIV" is not the same as "failure of NIV. " In our opinion, this is an important distinction to make, as overall the neonatal community seems to be moving toward increased use of NIV, which has shown clinical benefit. 5 A time-based definition of failure has its own disadvantages, as some infants continue to "fail" even after the defined study period, 51 especially the extreme preterm group.
A common complication among preterm infants supported on nCPAP is nasal injury, 49 which can vary from 20% to 60%. The higher rates were observed in the smaller and extreme preterm infants. Our analysis suggests significantly lower odds of nasal trauma (defined and measured variably) in preterm infants supported on HHHFNC, compared with other modes of nCPAP. In addition, preterm infants are thought to be more comfortable on HHHFNC by neonatal nurses compared with nCPAP, 52 although no difference in patient comfort was detected while on HHHFNC as compared with nCPAP in a recent trial. 30 HHHFNC is the most recent mode of NIV in adults and neonatal patients.
However, the precise mechanism of action, resulting in clinical benefit, has not been fully evaluated.
Proposed theories include washout of anatomic dead space in the upper airways because of the flow of gas, improvement in conductance of gas because of humidification, reduction in metabolic demands of the airways from the warm and humidified gas, and provision of distending pressure to the lungs. 9, 53 Extrathoracic anatomic dead space is related to age and is higher in small infants (.3 mL/kg) compared with adults. 54 Thus, continuous washout of this relatively large space with a supply of fresh gas could be of clinical benefit, especially in the neonatal period. In contrast to nCPAP (or BiPAP), which depend on a seal to provide distending pressure, a seal at the upper airways is not required for HHHFNC. Thus, the distending pressure provided by HHHFNC is dynamic, depending on the phase of the respiratory cycle. 55, 56 All of these
FIGURE 5
Pooled estimate of odds of death in preterm infants supported on HHHFNC compared with other modes of NIV.
FIGURE 6
Pooled estimate of odds of pulmonary air leaks in preterm infants supported on HHHFNC compared with other modes of NIV.
mechanisms, in theory, suggest HHHFNC could be suited to the anatomy and physiology of preterm infants. Additionally, HHHFNC seems to cause less nasal trauma in preterm infants, and seems to be preferred by nurses 52 The main limitation of our study is that we were unable to conduct adequate stratified analysis on the lower GAs, as planned in our methods. This is due to the limited amount of data on the use of HHHFNC in infants ,32 weeks' GA, and more so on infants ,28 weeks' GA. The vast majority of infants ,28 weeks' GA at birth need some form of respiratory support, both at birth and after extubation. More so, these are the infants at highest risk of nasal trauma 49 resulting in long-term nasal deformities, 57 and if HHHFNC proves to be efficacious in the extremely preterm infants, the incidence of such deformities could be minimized. 
FIGURE 7
Pooled estimate of odds of nasal trauma in preterm infants supported on HHHFNC compared with other modes of NIV.
should be based on data from studies with a low risk of bias.
Results of our analysis suggest that HHHFNC is not inferior to other modes of NIV in preterm infants. Due to significantly lower odds of nasal trauma, and no significant differences in other common neonatal outcomes, HHHFNC may be a preferred method in this GA group. Caution needs to be exercised in the more preterm infants, where efficacy and safety of HHHFNC, either as a primary mode of support or after extubation, are not yet thoroughly tested.
Future research needs to concentrate on the extreme preterm group of infants, who would benefit most from modes of NIV. Weaning of NIV is another area of practice that needs further research, as a recent review on weaning of HHHFNC in preterm infants was unable to identify any eligible studies on this subject. 58 We feel that our data provide evidence to consider HHHFNC as a mode of respiratory support in preterm infants by clinicians. 
